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Foundations of Molecular Cloning – Past, Present & Future

Rebecca Tirabassi, Bitesize Bio.

Introduction
Molecular cloning refers to the isolation of a
DNA sequence from any species (often a gene),
and its insertion into a vector for propagation,
without alteration of the original DNA sequence.
Once isolated, molecular clones can be used to
generate many copies of the DNA for analysis
of the gene sequence, and/or to express the
resulting protein for the study or utilization of
the protein’s function. The clones can also be
manipulated and mutated in vitro to alter the
expression and function of the protein.
The basic cloning workflow includes four steps:
1. Isolation of target DNA fragments
(often referred to as inserts)
2. Ligation of inserts into an appropriate cloning
vector, creating recombinant molecules
(e.g., plasmids)
3. Transformation of recombinant plasmids into
bacteria or other suitable host for propagation
4. Screening/selection of hosts containing the
intended recombinant plasmid
These four ground-breaking steps were carefully
pieced together and performed by multiple

laboratories, beginning in the late 1960s and
early 1970s. A summary of the discoveries
that comprise traditional molecular cloning is
described in the following pages.

The Foundation of Molecular Cloning
Cutting (Digestion).
Recombinant DNA technology first emerged in
the late 1960s, with the discovery of enzymes
that could specifically cut and join doublestranded DNA molecules. In fact, as early as
1952, two groups independently observed
that bacteria encoded a “restriction factor” that
prevented bacteriophages from growing within
certain hosts (1,2). But the nature of the factor
was not discovered until 1968, when Arber and
Linn succeeded in isolating an enzyme, termed a
restriction factor, that selectively cut exogenous
DNA, but not bacterial DNA (3). These studies
also identified a methylase enzyme that protected
the bacterial DNA from restriction enzymes.
Shortly after Arber and Linn’s discovery, Smith
extended and confirmed these studies by
isolating a restriction enzyme from Haemophilus
influenza. He demonstrated that the enzyme

Figure 1. Traditional Cloning Workflow
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Using PCR, restriction sites are added to both ends of a dsDNA, which is then digested by the corresponding restriction enzymes
(REases). The cleaved DNA can then be ligated to a plasmid vector possessing compatible ends. DNA fragments can also be
moved from one vector into another by digesting with REases and ligating with compatible ends of the target vector. Assembled
construct can then be transformed into Escherichia coli (E. coli).

selectively cut DNA in the middle of a specific
6 base-pair stretch of DNA; one characteristic of
certain restriction enzymes is their propensity to
cut the DNA substrate in or near specific, often
palindromic, “recognition” sequences (4).
The full power of restriction enzymes was
not realized until restriction enzymes and gel
electrophoresis were used to map the Simian
Virus 40 (SV40) genome (5). For these seminal
findings, Werner Arber, Hamilton Smith, and
Daniel Nathans shared the 1978 Nobel Prize in
Medicine.
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Molecular cloning, a term that has come to mean the creation of recombinant DNA molecules, has spurred progress throughout the
life sciences. Beginning in the 1970s, with the discovery of restriction endonucleases – enzymes that selectively and specifically cut
molecules of DNA – recombinant DNA technology has seen exponential growth in both application and sophistication, yielding
increasingly powerful tools for DNA manipulation. Cloning genes is now so simple and efficient that it has become a standard
laboratory technique. This has led to an explosion in the understanding of gene function in recent decades. Emerging technologies
promise even greater possibilities, such as enabling researchers to seamlessly stitch together multiple DNA fragments and transform
the resulting plasmids into bacteria, in under two hours, or the use of swappable gene cassettes, which can be easily moved between
different constructs, to maximize speed and flexibility. In the near future, molecular cloning will likely see the emergence of a new
paradigm, with synthetic biology techniques that will enable in vitro chemical synthesis of any in silico-specified DNA construct.
These advances should enable faster construction and iteration of DNA clones, accelerating the development of gene therapy vectors,
recombinant protein production processes and new vaccines.

Assembling (Ligation).
Much like the discovery of enzymes that cut
DNA, the discovery of an enzyme that could join
DNA was preceded by earlier, salient observations.
In the early 1960s, two groups discovered that
genetic recombination could occur though the
breakage and ligation of DNA molecules (6,7),
closely followed by the observation that linear
bacteriophage DNA is rapidly converted to
covalently closed circles after infection of the host
(8). Just two years later, five groups independently
isolated DNA ligases and demonstrated their
ability to assemble two pieces of DNA (9-13).
Not long after the discovery of restriction
enzymes and DNA ligases, the first recombinant
DNA molecule was made. In 1972, Berg
separately cut and ligated a piece of lambda
bacteriophage DNA or the E. coli galactose operon
with SV40 DNA to create the first recombinant
DNA molecules (14). These studies pioneered
the concept that, because of the universal
nature of DNA, DNA from any species could be
joined together. In 1980, Paul Berg shared the
Nobel Prize in Chemistry with Walter Gilbert
and Frederick Sanger (the developers of DNA
sequencing), for “his fundamental studies of the
biochemistry of nucleic acids, with particular
regard to recombinant DNA.”
Transformation.
Recombinant DNA technology would be severely
limited, and molecular cloning impossible,
without the means to propagate and isolate the
newly constructed DNA molecule. The ability
to transform bacteria, or induce the uptake,
incorporation and expression of foreign genetic
material, was first demonstrated by Griffith when
he transformed a non-lethal strain of bacteria into
a lethal strain by mixing the non-lethal strain with

03

feature article continued…
for cloning were cumbersome, difficult to work
with and limited in number, and experiments
were limited by the amount of insert DNA that
could be isolated. Research over the next few
decades led to improvements in the techniques
and tools available for molecular cloning.
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heat-inactivated lethal bacteria (15). However,
the nature of the “transforming principle” that
conveyed lethality was not understood until
1944. In the same year, Avery, Macleod and
McCarty demonstrated that DNA, and not
protein, was responsible for inducing the lethal
phenotype (16).

allowed researchers to screen for bacterial
colonies containing plasmids with the foreign
DNA insert. When bacteria were plated on
the correct media, white colonies contained
plasmids with inserts, while blue colonies
contained plasmids with no inserts. pUC
plasmids had an additional advantage over
existing vectors; they contained a mutation
that resulted in higher copy numbers, therefore
increasing plasmid yields.

Early vector design.
Development of the first standardized vector.
Scientists working in Boyer’s lab recognized
the need for a general cloning plasmid, a
compact plasmid with unique restriction
sites for cloning in foreign DNA and the
expression of antibiotic resistance genes for
selection of transformed bacteria. In 1977, they
described the first vector designed for cloning
purposes, pBR322 (20). This vector was small,
~4 kilobases in size, and had two antibiotic
resistance genes for selection.

Initially, it was believed that the common
bacterial laboratory strain, E. coli, was
refractory to transformation, until Mandel and
Higa demonstrated that treatment of E. coli
with calcium chloride induced the uptake of
bacteriophage DNA (17). Cohen applied this
principle, in 1972, when he pioneered the
transformation of bacteria with plasmids to
confer antibiotic resistance on the bacteria (18).
The ultimate experiment: digestion, ligation
and transformation of a recombinant DNA
molecule was executed by Boyer, Cohen
and Chang in 1973, when they digested
the plasmid pSC101 with EcoRI, ligated
the linearized fragment to another enzymerestricted plasmid and transformed the resulting
recombinant molecule into E. coli, conferring
tetracycline resistance on the bacteria (19), thus
laying the foundation for most recombinant
DNA work since.

Building on the Groundwork
While scientists had discovered and applied
all of the basic principles for creating and
propagating recombinant DNA in bacteria,
the process was inefficient. Restriction enzyme
preparations were unreliable due to nonstandardized purification procedures, plasmids

Improving restriction digests.

Vectors with on-board screening and higher yields.
Although antibiotic selection prevented nontransformed bacteria from growing, plasmids
that re-ligated without insert DNA fragments
(self-ligation) could still confer antibiotic
resistance on bacteria. Therefore, finding the
correct bacterial clones containing the desired
recombinant DNA molecule could be timeconsuming.

Early work with restriction enzymes was
hampered by the purity of the enzyme
preparation and a lack of understanding of
the buffer requirements for each enzyme. In
1975, New England Biolabs (NEB) became
the first company to commercialize restriction
enzymes produced from a recombinant source.
This enabled higher yields, improved purity,
lot-to-lot consistency and lower pricing.
Currently, over 4,000 restriction enzymes,
recognizing over 300 different sequences, have
been discovered by scientists across the globe
[for a complete list of restriction enzymes and
recognition sequences, visit REBASE® at rebase.
neb.com (22)]. NEB currently supplies over
230 of these specificities.

Vieira and Messing devised a screening tool
to identify bacterial colonies containing
plasmids with DNA inserts. Based upon the
pBR322 plasmid, they created the series of
pUC plasmids, which contained a “blue/
white screening” system (21). Placement of a
multiple cloning site (MCS) containing several
unique restriction sites within the LacZ´ gene

NEB was also one of the first companies to
develop a standardized four-buffer system, and
to characterize all of its enzyme activities in this
buffer system. This led to a better understanding of how to conduct a double digest, or the
digestion of DNA with two enzymes sim-ultaneously. Later research led to the development
of one-buffer systems, which are compatible
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with the most common restriction enzymes
(such as NEB’s CutSmart™ Buffer).
With the advent of commercially available
restriction enzyme libraries with known
sequence specificities, restriction enzymes
became a powerful tool for screening potential
recombinant DNA clones. The “diagnostic
digest” was, and still is, one of the most common techniques used in molecular cloning.
Vector and insert preparation.

The CIP enzyme proved difficult to inactivate,
and any residual activity led to dephosphorylation of insert DNA and inhibition of the ligation reaction. The discovery of the heat-labile
alkaline phosphatases, such as recombinant
Shrimp Alkaline Phosphatase (rSAP) and
Antarctic Phosphatase (AP) (both sold by NEB),
decreased the steps and time involved, as a simple shift in temperature inactivates the enzyme
prior to the ligation step (25).
DNA sequencing arrives.
DNA sequencing was developed in the late
1970s when two competing methods were

The ability to determine the sequence of a
stretch of DNA enhanced the reliability and
versatility of molecular cloning. Once cloned,
scientists could sequence clones to definitively
identify the correct recombinant molecule,
identify new genes or mutations in genes, and
easily design oligonucleotides based on the
known sequence for additional experiments.
The impact of the polymerase chain reaction.
One of the problems in molecular cloning in
the early years was obtaining enough insert
DNA to clone into the vector. In 1983,
Mullis devised a technique that solved this
problem and revolutionized molecular cloning
(28). He amplified a stretch of target DNA
by using opposing primers to amplify both
complementary strands of DNA, simultaneously.
Through cycles of denaturation, annealing
and polymerization, he showed he could
exponentially amplify a single copy of DNA.
The polymerase chain reaction, or PCR, made
it possible to amplify and clone genes from
previously inadequate quantities of DNA. For
this discovery, Kary Mullis shared the 1993
Nobel Prize in Chemistry “for contributions

1991
Introduction of USER™
cloning (36)

to the developments of methods within DNAbased chemistry”.
In 1970, Temin and Baltimore independently
discovered reverse transcriptase in viruses, an
enzyme that converts RNA into DNA (29,30).
Shortly after PCR was developed, reverse
transcription was coupled with PCR (RT-PCR)
to allow cloning of messenger RNA (mRNA).
Reverse transcription was used to create a DNA
copy (cDNA) of mRNA that was subsequently
amplified by PCR to create an insert for
ligation. For their discovery of the enzyme,
Howard Temin and David Baltimore were
awarded the 1975 Nobel Prize in Medicine
and Physiology, which they shared with
Renato Dulbecco.
Cloning of PCR products.
The advent of PCR meant that researchers
could now clone genes and DNA segments
with limited knowledge of amplicon sequence.
However, there was little consensus as to the
optimal method of PCR product preparation
for efficient ligation into cloning vectors.
Several different methods were initially used
for cloning PCR products. The simplest, and
still the most common, method for cloning
PCR products is through the introduction
of restriction sites onto the ends of the PCR
product (31). This allows for direct, directional
cloning of the insert into the vector after
restriction digestion. Blunt-ended cloning was
developed to directly ligate PCR products
generated by polymerases that produced blunt
ends, or inserts engineered to have restriction
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Cloning efficiency and versatility were also
improved by the development of different techniques for preparing vectors prior to ligation.
Alkaline phosphatases were isolated that could
remove the 3´ and 5´ phosphate groups from
the ends of DNA [and RNA; (23)]. It was soon
discovered that treatment of vectors with CalfIntestinal Phosphatase (CIP) dephosphorylated
DNA ends and prevented self-ligation of the
vector, increasing recovery of plasmids with
insert (24).

devised. Maxam and Gilbert developed the
“chemical sequencing method,” which relied on
chemical modification of DNA and subsequent
cleavage at specific bases (26). At the same
time, Sanger and colleagues published on the
“chain-termination method”, which became
the method used by most researchers (27). The
Sanger method quickly became automated,
and the first automatic sequencers were sold in
1987.
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sites that left blunt ends once the insert was
digested. This was useful in cloning DNA
fragments that did not contain restriction sites
compatible with the vector (32).
Shortly after the introduction of PCR, overlap
extension PCR was introduced as a method to
assemble PCR products into one contiguous
DNA sequence (33). In this method, the DNA
insert is amplified by PCR using primers
that generate a PCR product containing
overlapping regions with the vector. The
vector and insert are then mixed, denatured
and annealed, allowing hybridization of the
insert to the vector. A second round of PCR
generates recombinant DNA molecules of
insert-containing vector. Overlap extension
PCR enabled researchers to piece together
large genes that could not easily be amplified
by traditional PCR methods. Overlap extension
PCR was also used to introduce mutations into
gene sequences (34).
Development of specialized cloning
techniques.
In an effort to further improve the efficiency of
molecular cloning, several specialized tools and
techniques were developed that exploited the
properties of unique enzymes.
TA Cloning.
One approach took advantage of a property
of Taq DNA Polymerase, the first heat-stable
polymerase used for PCR. During amplification,
Taq adds a single 3´ dA nucleotide to the end

of each PCR product. The PCR product can
be easily ligated into a vector that has been cut
and engineered to contain single T residues on
each strand. Several companies have marketed
the technique and sell kits containing cloning
vectors that are already linearized and “tailed”.
LIC.
Ligation independent cloning (LIC), as its
name implies, allows for the joining of DNA
molecules in the absence of DNA ligase.
LIC is commonly performed with T4 DNA
Polymerase, which is used to generate singlestranded DNA overhangs, >12 nucleotides
long, onto both the linearized vector DNA
and the insert to be cloned (35). When mixed
together, the vector and insert anneal through
the long stretch of compatible ends. The length
of the compatible ends is sufficient to hold
the molecule together in the absence of ligase,
even during transformation. Once transformed,
the gaps are repaired in vivo. There are several
different commercially available products for
LIC.
USER cloning.
USER cloning was first developed in the early
1990s as a restriction enzyme- and ligaseindependent cloning method (36). When first
conceived, the method relied on using PCR
primers that contained a ~12 nucleotide 5´ tail,
in which at least four deoxythymidine bases
had been substituted with deoxyuridines. The
PCR product was treated with uracil DNA
glycosidase (UDG) and Endonuclease VIII,

Figure 2. Overview of PCR
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Future Trends
Molecular cloning has progressed from the
cloning of a single DNA fragment to the
assembly of multiple DNA components into
a single contiguous stretch of DNA. New
and emerging technologies seek to transform
cloning into a process that is as simple as
arranging “blocks” of DNA next to each other.
DNA assembly methods.
Many new, elegant technologies allow for
the assembly of multiple DNA fragments in
a one-tube reaction. The advantages of these
technologies are that they are standardized,
seamless and mostly sequence independent.
In addition, the ability to assemble multiple
DNA fragments in one tube turns a series of
previously independent restriction/ligation
reactions into a streamlined, efficient procedure.
Different techniques and products for gene
assembly include SLIC (Sequence and Ligase
Independent Cloning), Gibson Assembly (NEB),
GeneArt® Seamless Cloning (Life Technologies)
and Gateway® Cloning (Invitrogen) (35,37,38).
In DNA assembly, blocks of DNA to be
assembled are PCR amplified. Then, the DNA
fragments to be assembled adjacent to one
another are engineered to contain blocks of
complementary sequences that will be ligated
together. These could be compatible cohesive
ends, such as those used for Gibson Assembly,
or regions containing recognition sites for
site-specific recombinases (Gateway). The
enzyme used for DNA ligation will recognize
and assemble each set of compatible regions,
creating a single, contiguous DNA molecule in
one reaction.
Synthetic biology.

48 to 72°C

Annealing

which excises the uracil bases and leaves a
3´ overlap that can be annealed to a similarly
treated vector. NEB sells the USER enzyme
for ligase and restriction enzyme independent
cloning reactions.

Nascent
DNA strands

30th cycle
231 = 2 billion copies

DNA synthesis is an area of synthetic biology
that is currently revolutionizing recombinant
DNA technology. Although a complete gene
was first synthesized in vitro in 1972 (40),
DNA synthesis of large DNA molecules did not
become a reality until the early 2000s, when
researchers began synthesizing whole genomes
in vitro (41,42). These early experiments
took years to complete, but technology is
accelerating the ability to synthesize large DNA
molecules.

Conclusion
In the last 40 years, molecular cloning has
progressed from arduously isolating and
piecing together two pieces of DNA, followed
by intensive screening of potential clones, to
seamlessly assembling up to 10 DNA fragments
with remarkable efficiency in just a few hours,
or designing DNA molecules in silico and

15. Griffith, F. (1928) J. Hyg. 27, 113–159.
16. Avery, O.T., Macleod, C.M. and McCarty, M. (1944) J. Exp. Med.
1944, 79, 137–158.
17. Mandel, M. and Higa, A. (1970) J. Mol. Biol. 1970, 53:159–162.
18. Cohen, S.N., Chang, A.C. and Hsu, L. (1972) Proc. Natl. Acad. Sci. USA
69, 2110–2114.
19. Cohen, S.N., Chang, A.C., Boyer, H.W. and Helling, R.B. (1973) Proc.
Natl. Acad. Sci. USA 70, 3240–3244.
20. Bolivar, F. et al. (1977) Gene 2, 95–113.
21. Yanisch-Perron, C., Vieira, J. and Messing, J. (1985) Gene 33, 103–
119.
22. Roberts, R.J., Vincze, T., Posfai, J. and Macelis, D. (2010) Nucleic Acids
Res. 38, D234–D236.
23. Mossner, E., Boll, M. and Pfleiderer, G. (1980) Hoppe Seylers Z. Physiol.
Chem. 361, 543–549.
24. Green, M. and Sambrook, J. (2012). Molecular Cloning: A Laboratory
Manual, (4th ed.), (pp. 189–191). Cold Spring Harbor: Cold Spring
Harbor Laboratory Press.
25. Rina, M. et al. (2000) Eur. J. Biochem. 267, 1230–1238.
26. Maxam, A.M. and Gilbert, W. (1977) Proc. Natl. Acad. Sci. USA 74,
560–564.
27. Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463–5467.
28. Mullis, K.B. and Faloona, F.A. (1987) Methods Enzymol. 155, 335–350.
29. Baltimore, D. (1970) Nature 226, 1209–1211.
30. Temin, H.M. and Mizutani, S. (1970) Nature 226:1211–1213.
31. Kaufman, D.L., and Evans, G.A. (1990) Biotechniques 9, 304, 306
32. Scharf, S.J., Horn, G.T. and Erlich, H.A. (1986) Science 233, 1076–
1078.
33. Horton, R.M. et al. (1989) Gene 77, 61–68.
34. Ho, S.N. et al. (1989) Gene 77, 51–59.
35. Li, M.Z. and Elledge, S.J. (2007) Nat. Methods 4, 251–256.
36. Nisson, P.E., Rashtchian, A. and Watkins, P.C. (1991) PCR Methods
Appl. 1, 120–123.
37. Gibson, D.G. et al. (2009) Nat. Methods 6, 343–345.
38. Hartley, J.L., Temple, G.F. and Brasch, M.A. (2000) Genome Res. 10,
1788–1795.
39. Gibson, D.G. et al. (2008) Science 319, 1215–1220.
40. Agarwal, K.L. et al. (1970) Nature 227, 27–34.
41. Blight, K.J., Kolykhalov, A.A. and Rice, C.M. (2000) Science 290
1972–1974.
42. Couzin, J. (2002) Science 297, 174–175.
43. Hackett, P.B., Largaespada, D.A. and Cooper, L.J. (2010) Mol. Ther.
18, 674–683.
44. Dormitzer, P.R. et al. (2013) Sci. Transl. Med. 5, 185ra68.
45. Gibson, D.G. et al. (2010) Science 329, 52–56.

Rebecca Tirabassi is an Assistant Editor at
Bitesizebio.com.
References
1. Bertani, G. and Weigle, J.J. (1953) J. Bacteriol. 65, 113–121.
2. Luria, S.E. and Human, M.L. (1952) J. Bacteriol. 64, 557–569.
3. Linn, S. and Arber, W. (1968) Proc. Natl. Acad. Sci. USA 59, 1300–
1306.
4. Smith, H.O. and Wilcox, K.W. (1970) J. Mol. Biol. 51, 379–391.
5. Danna, K. and Nathans, D. (1971) Proc. Natl. Acad. Sci. USA 68,
2913–2917.
6. Kellenberger, G., Zichichi, M.L. and Weigle, J.J. (1961) Proc. Natl. Acad.
Sci. USA 47, 869–878.
7. Meselson, M. and Weigle, J.J. (1961) Proc. Natl. Acad. Sci. USA 47,
857–868.
8. Bode, V.C. and Kaiser, A.D. (1965) J. Mol. Biol. 14, 399–417.
9. Cozzarelli, N.R., Melechen, N.E., Jovin, T.M. and Kornberg, A. (1967)
Biochem. Biophys. Res. Commun. 28, 578–586.
10. Gefter, M.L., Becker, A. and Hurwitz, J. (1967) Proc. Natl. Acad. Sci.
USA 58, 240–247.
11. Gellert, M. (1967) Proc. Natl. Acad. Sci. USA 57, 148–155.
12. Olivera, B.M. and Lehman, I.R. (1967) Proc. Natl. Acad. Sci. USA 57,
1426–1433.
13. Weiss, B. and Richardson, C.C. (1967) Proc. Natl. Acad. Sci. USA 57,
1021–1028.
14. Jackson, D.A., Symons, R.H. and Berg, P. (1972) Proc. Natl. Acad. Sci.
USA 1972, 69, 2904–2909.

Cut
Smarter
with

Restriction Enzymes
from NEB
now with

CutSmart™ Buffer
> 200 enzymes
supplied with a
single buffer

FEATURE ARTICLE

synthesizing them in vitro. Together, all of
these technologies give molecular biologists an
astonishingly powerful toolbox for exploring,
manipulating and harnessing DNA, that will
further broaden the horizons of science.
Among the possibilities are the development
of safer recombinant proteins for the treatment
of diseases, enhancement of gene therapy
(43), and quicker production, validation and
release of new vaccines (44). But ultimately,
the potential is constrained only by our
imaginations.

Figure 3. Overview of the Gibson Assembly Cloning Method
DNA Preparation

+
Linear vector

B

A

DNA inserts with 15-20 bp
overlapping ends (PCR-amplified)

Gibson Assembly
A

Single-tube reaction
• Gibson Assembly Master Mix:
– Exonuclease chews back
5´ ends to create singlestranded 3´ overhangs
– DNA polymerase fills
in gaps within each
annealed fragment
– DNA ligase seals nicks
in the assembled DNA

B

Assembled
DNA
Incubate at 50°C
for 15-60 minutes

Transformation

DNA Analysis

OR
RE Digest

OR
Colony PCR

Sequencing
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Cloning Workflow Comparison
From traditional to advanced molecular cloning techniques, NEB has the right solution for you. Our highquality reagents are available for every step in the workflow, whether it be specialized enzymes, competent cells
or novel solutions – such as Gibson Assembly®. Educational tools and technical support are available to you each
step of the way, ensuring that you can clone with confidence. When you think of cloning, think NEB!
The figure below compares the various cloning methodologies. To learn more about each of these workflows, as well as
the portfolio of products available from NEB, visit CloneWithNEB.com.
INSERT PREPARATION
Starting
Material

RNA
OR

OR

Plasmid

gDNA

Traditional Cloning
(RE Digestion & Ligation)

OR

PCR Cloning
(TA & Blunt-End)

OR

cDNA

Seamless Cloning
(Gene Assembly)

PCR
90 min.

RE Digestion
60 min. (Standard)
5–15 min. (Time-Saver)

DNA
Preparation

Annealed oligos

PCR products

OR

cDNA Synthesis

OR

OR

LIC (Ligation
Independent Cloning)

PCR
90 min.

PCR
90 min.

P

dsDNA
intermediate

OR

P

P

OR
A

P

Dephosphorylation
Blunting
(Optional)

DNA End
Modifications

OR
A

30 min.

A

OR

P

P

OR

P

P
P

Gel and Column
Purification
75 min.

Vector & Insert
Joining

Ligation
Instant – 15 min.

Clean Up
15 min.

Clean Up
15 min.

Phosphorylation
(Optional)
30 min.

Cohesive-End
Formation by
5´ → 3´ exo
30 min.

Cohesive-End
Formation by
3´ → 5´ exo
30 min.

Ligation
Occurs simultaneously
with previous step

Annealing
30 min.

OR

P
A

A

P

Ligation
15 min.

T
A

OR

A

A

Clean Up
15 min.

P

dsDNA
intermediate 2

OR
A

A
T

OR

Assembled vector
Estimated total time*

1 hr., 20 min. – 3 hr.

2 hr. – 2 hr., 30 min.

2 hr., 15 min.

* Note that times are based on estimates for moving a gene from one plasmid to another.
If the source for gene transfer is gDNA, add 2 hours to calculation for the traditional cloning method. Total time does not include transformation, isolation or analysis.
** 70 minutes for recombination o
 ccurs on second day.

Transformation

2 hr., 45 min.

Clone with Confidence
• Reagents for every step in the workflow
• Novel solutions – including Gibson Assembly
• Educational tools and technical support
Explore the wise choice at CloneWithNEB.com

VECTOR PREPARATION
Multiple cloning site
(MCS)

Starting
Material

Plasmid

OR

Recombinational
(Gateway/Creator/Univector)

Restriction Enzyme
(RE) Digestion

PCR
90 min.

OR

PCR

RE Digestion
60 min. (Standard)
5–15 min. (Time-Saver)

DNA
Processing

Clean Up
15 min.

P

P
P

Clean Up
15 min.

PCR
2 hr.

P

OR

Linear vector

RE Digest
60 min. (Standard)
5–15 min. (Time-Saver)

T-addition
1.5 hr.

Clean Up 15 min OR
Gel & Column Purification 75 min.

+

Clean Up
15 min.

T

T

OR

Site-Specific
Recombination
60 min.
Recombination
sites

Dephosphorylation (Optional)
30 min.

DNA End
Modifications

Linear vector,
ready for joining

Proteinase K Treatment
10 min.

Estimated total time

20 min. – 2 hr., 25 min.

3 hr., 45 min.

70 min.**

Holding vector

Endpoint vector

3 hr., 15 min. – 5 hr., 20 min.

DNA Isolation
(Plasmid Purification)

DNA
Analysis

Protein
Expression
OR

RE Digest

Functional
Analysis

OR

Colony PCR

Sequencing

Site-Directed
Mutagenesis

New Cloning Tools to

NEW CLONING TOOLS

NEB PCR Cloning Kit

NEW

The NEB PCR Cloning Kit allows quick and simple cloning of all your PCR amplicons, regardless
of the polymerase used. This kit utilizes a novel mechanism for background colony suppression,
and allows for direct cloning from your reaction with no purification step. Enjoy faster cloning with
more flexible conditions.

ADVANTAGES
• Works with both blunt and TA ends
• Clone faster, with low/no background
• Get the colonies you need, with high
transformation efficiency

PCR cloning with no background

• No need for end-modification steps
• No purification step required

A 500 bp PCR product incubated with the linearized vector in a 3:1 ratio
according to recommended protocol. 2 µl of reaction was transformed into
provided NEB 10-beta Competent E. coli and 1/20th of the outgrowth was plated.
The left plate serves as the control, with vector backbone only. The right plate
contains PCR insert.

NEB Stable Competent E. coli

NEW

NEB Stable Competent E. coli is the ideal strain for cloning unstable inserts, such as direct or
inverted repeats. It is the recommended host strain for cloning genes into retroviral/lentiviral
vectors. NEB Stable Competent E. coli offers high efficiencies and is competitively priced.

NEB Stable enables the isolation of plasmid clones containing repetitive DNA elements
A.

L U

Stable 5xREP insert (S)

ADVANTAGES
• Improved cloning of direct repeats and
inverted repeats
• Recommended host strain for cloning
genes into retroviral/lentiviral vectors
• Free of animal products
• Value pricing

623 bp

L
B.

S

U U

S

U U S S U – U

S

U

S

L = TriDye 100 bp DNA Ladder
(NEB #N3271)

U U U

U = Unstable insert with deletions

623 bp

S = Stable 5xREP insert
– = No insert detected

Plasmid pUC-5xREP contains five 32 bp repeats, making it unstable in a recombination-proficient strain.
(A) NEB Stable competent cells or (B) Stbl3 competent cells (Invitrogen) were transformed with 2 µl of a pUC-5xREP Gibson Assembly reaction containing 2.2 ng (0.00125
pmol) pUC19 vector and approximately 1 ng (0.0028 pmol) 5xREP insert. Transformed cultures were plated on LB plates containing 100 µg/ml ampicillin and incubated
overnight at 30°C. The next day, colony PCR was performed using M13/pUC polylinker primers to analyze 5xREP insert stability. This figure shows the results of analyzing 33
independent colonies.
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Enhance Your Research
rSAP

NEW

100

• No need for supplemental additives,
such as zinc

90
80
Remaining Activity (%)

• Inactivate rSAP completely, in
5 minutes at 65°C
• Experience significantly improved
stability, compared to native enzyme

rSAP heat inactivation at 65°C

• Add directly to restriction enzyme
digests; active in all NEBuffers

70
60
50

• Use less enzyme; very high specific
activity compared to mammalian
alkaline phosphatases

40
30
20
10
0

ADVANTAGES

0

10
5
15
Incubation at 65°C, minutes

20

1 unit of rSAP was incubated under recommended
reaction conditions, including DNA, for 30 minutes,
and then heated at 65°C. Remaining phosphatase
activity was measured by PNPP assay.

Quick-Load Purple 2-Log DNA Ladder
Gel Loading Dye, Purple (6X) NEW

NEW CLONING TOOLS

DNA phosphorylation is a key step in the cloning workflow. For your next cloning experiment,
consider Shrimp Alkaline Phosphatase (rSAP). rSAP is a heat labile alkaline phosphatase purified
from a recombinant source. rSAP contains no affinity tags or other modifications.

NEW
kb
10.0
8.0
6.0
5.0
4.0
3.0

NEB’s popular 2-Log DNA Ladder is now available in a Quick-Load
format for direct gel loading. This product utilizes our new Gel Loading
Dye, Purple, which results in brighter, sharper bands when compared to
glycerol-based dyes. Additionally, this new dye leaves no UV shadow.
Try it, and see how it stacks up.

2.0
1.5
1.2
1.0
0.9
0.8

ADVANTAGES
• Analyze DNA fragments from
0.1–10 kb
• Convenient, ready-to-load format
• Tighter, brighter bands with new
dye format
• COMING SOON – free tube of
Gel Loading Dye, Purple with all
HF restriction enzymes

0.7

NOW AVAILABLE

0.6

Quick-Load Purple
2-Log DNA Ladder
Now with purple dye

0.5
0.4
0.3
0.2

0.1
2-Log DNA Ladder
1.0% TBE agarose gel.

TOOLS & RESOURCES
• Learn about recommended
products for cloning in our
Reagents and Tools for
Molecular Cloning Brochure.
Our Cloning Technical
Guide contains product
selection charts, protocols,
tips for optimization and
troubleshooting.
Order your copies using the
Literature Request Form at
www.neb.uk.com.

Ordering Information
PRODUCT

NEB #

SIZE

PRICE

Quick-Load Purple 2-Log DNA Ladder

N0550S

125–250 gel lanes £57

Gel Loading Dye, Purple (6X)

B7024S

4 ml

£33

NEB PCR Cloning Kit

E1202S

20 rxns

£329

Shrimp Alkaline Phosphatase (rSAP)

M0371S/L 500/2500 units

NEB Stable Competent E. coli (High Efficiency) C3040H

£51/£204

20 x 0.05 ml/tube £239
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CLONING COMPETENT CELLS

Maximize Your Transformation Efficiency with Cloning
Competent Cells from NEB
Selecting a competent cell line for cloning requires that you strike the right balance; you want a strain
that offers high transformation efficiencies, but also has the ability to generate sufficient plasmid
yields. NEB cloning strains offer high transformation efficiencies, and are T1 phage resistant and endA
deficient, ensuring high-quality plasmid preparation. Additionally, RecA– strains minimize potential
plasmid recombination. For convenience, NEB cloning strains are available in a variety of formats,
including single-use tubes and 96-well plates. Electrocompetent and subcloning efficiencies are also
available. Your choice of competent cell line for cloning can influence the success of your cloning
experiment; NEB offers a cell line for every need.

Competent Cell Selection Chart

FEATURES
l

l

Fast growth (< 8 hours)

l

Toxic gene cloning

l

l

Large plasmid/
BAC cloning

l

l

Dam/Dcm free
plasmid growth

l

Retroviral/lentiviral
vector cloning

l

FORMATS

Chemically Competent

l

l

Electrocompetent

l

l

Subcloning

l

l

l

l

l

2.5
2.0
1.5
1.0
0.5

The transformation efficiencies were compared using manufacturers’ recommended protocols.
Values shown are the average of triplicate experiments.
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(cfu/µg pUC19)

Benefit from High Transformation Efficiencies
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• High transformation efficiencies
• Convenient formats
• Includes SOC media
• T1 phage resistance
• Free of animal products
TOOLS & RESOURCES

NEB
NEB 5-alpha NEB Turbo 5-alpha F´ I q NEB 10-beta dam –/dcm –
NEB Stable
Competent
Competent
Competent
Competent
Competent
Competent
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
(NEB #C2987) (NEB #C2984) (NEB #C2992) (NEB #C3019) (NEB #C2925) (NEB #C3040)

Versatile

ADVANTAGES

l

Visit NEBStickTogether.com to find:
• The full list of ligases available
• FAQs
• Online tutorials about ligation and
help with setting up ligation reactions

For UK pricing please visit www.neb.uk.com

Antibody Sampler Kits

Analyze your pathway of interest at a fraction of the cost of full-size vials.
Cell Signaling Technology (CST) offers over 210 Antibody Sampler Kits that provide researchers with an economical means to investigate various aspects of cellular signaling. CST™ Antibody Sampler Kits contain sample sizes of several antibodies directed against a protein, pathway, or cellular process
of interest, as well as secondary antibodies needed for detection and analysis. Each kit contains enough primary and secondary antibodies to perform
four Western blots per target.

Recent new additions to CST’s Antibody Sampler Kit offering include:
Name

Product #

Price

Adhesion

Adherens Junction Antibody Sampler Kit

13236

£352

Apoptosis

Initiator Caspases Antibody Sampler Kit

12675

£352

Effector Caspases and Substrates Antibody Sampler Kit

12690

£372

NDRG Family Antibody Sampler Kit

12795

£402

Procaspase Antibody Sampler Kit

12742

£472

Cell Cycle / Checkpoint

Aurora A/B Substrate Antibody Sampler Kit

12738

£402

Chromatin Regulation /
Epigenetics

Chromodomain Helicase DNA-Binding (CHD) Family Antibody Sampler Kit

12775

£402

High Mobility Group (HMG) Proteins Antibody Sampler Kit

12755

£352

Nucleus and Nuclear Envelope-Associated Marker Proteins Antibody Sampler Kit

12784

£472

Sirtuin Antibody Sampler Kit

9787

£491

SWI/SNF Complex Antibody Sampler Kit

12854

£402

Cytoskeletal Signaling

Nucleus and Nuclear Envelope-Associated Marker Proteins Antibody Sampler Kit

12784

£472

Glucose Metabolism

Acetyl-CoA Carboxylase 1 and 2 Antibody Sampler Kit

12704

£307

Adipogenesis Marker Antibody Sampler Kit

12589

£425

C/EBP Antibody Sampler Kit

12814

£425

Glycolysis II Antibody Sampler Kit

12866

£447

IRS-1 Inhibition Antibody Sampler Kit

12879

£472

Lineage Markers

Endodermal Lineage Marker Antibody Sampler Kit

12693

£447

Neuroscience

β-Amyloid Peptides Antibody Sampler Kit

12592

£352

Neuronal Scaffold Proteins Antibody Sampler Kit

12882

£296

Nuclear Receptors

Progesterone Receptor Signaling Antibody Sampler Kit

12807

£352

Protein Folding

ER and Golgi-Associated Marker Proteins Antibody Sampler Kit

12718

£352

Tyrosine Kinases / Adaptors

ALK Antibody Sampler Kit

12645

£462

PDGF Receptor Activation Antibody Sampler Kit

12651

£447

Phospho-VEGF Receptor 2 Antibody Sampler Kit

12599

£352

Endosomal Marker Antibody Sampler Kit

12666

£372

ER and Golgi-Associated Marker Proteins Antibody Sampler Kit

12718

£352

Vesicle Trafficking

EXAMPLE KIT:

ALK Antibody Sampler Kit
#12645 contains 40 ml each of
seven different Phospho-ALK
antibodies recognising phosphorylation at Tyr1078, Tyr1096,
Tyr1278, Tyr1278/1282/1283,
Tyr1282/1283, Tyr1586 &
Tyr1604, 40 ml ALK Rabbit mAb
and 100 ml Anti-rabbit IgG, HRPlinked Antibody.

CELL SIGNALING TECHNOLOGY

Pathway

Antibody Sampler Kits are
additionally available for
the following pathways:

• Angiogenesis
• Autophagy
• Ca, cAMP & Lipid Signaling
• Development
• DNA Damage
• Jak / Stat Pathway
• Lymphocyte Signaling
• MAP Kinase Signaling
• Motif Antibodies
• NF-κB Signaling
• PI3K / Akt Signaling
• Phosphatases
• Protein Stability
• Stem Cell Markers
• TGF-β / Smad Signaling
• Translational Control
Please see www.neb.uk.com for
more details

New PathScan® Stress and Apoptosis Signaling Antibody Array Kit
Investigate signal transduction in multiple proteins
A.

A.

HT-29

Designed to investigate signal transduction occurring via key pathway nodes in a
multiplex format, PathScan® Antibody Array Kits are slide-based assays using the
sandwich ELISA principle. Two slides are provided in each kit; each slide contains
arrays spotted with multiple antibodies. Captured proteins are detected using a
detection antibody cocktail. Positive and negative controls are included on each array.

Ordering Information
Size

B.
Reactivity

PathScan® Stress and Apoptosis Signaling Antibody Array
Kit (Chemiluminescent Readout)

32
assays

120
Human,
Mouse

PathScan® Stress and Apoptosis Signaling Antibody Array
Kit (Fluorescent Readout)

32
assays

Human,
Mouse

Name

B.

HT-29

HT-29 + UV
HT-29 + UV
HSP27 (Ser82)
HSP27 (Ser82)
p53 (Ser15)p53 (Ser15)

SAPK/JNK (Thr183Tyr185)
SAPK/JNK (Thr183Tyr185)

p38 MAPK p38
(Thr180Tyr182)
MAPK (Thr180Tyr182)

#

Price

HT-29 cells were grown to 80% confluency and then either untreated (left panel) or
£560
HT-29
HT-29 UV-irradiated and allowed to recover for 60 minutes (right panel). Cell extracts were
HT-29 + HT-29
UV + UV
prepared and analyzed using the PathScan® Stress and Apoptosis Signaling Antibody
Array Kit (Fluorescent Readout) #12923. Relative fluorescent intensities were quantified
12923 £596
as pixel intensities using the LI-COR® Image Studio v2.0 array analysis software: go to
www.neb.uk.com/product/12923 for full data.

120
12856

90
90
For the full range of PathScan Antibody Array Kits please visit www.neb.uk.com
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New BackDrop® Green
Background Suppressor

New Cellular Dyes for F-Actin

CELL SIGNALING TECHNOLOGY

Phalloidin is a natually occuring toxic bicyclic peptide found in the
deathcap toadstool, Amanita phalloides, that rapidly binds to F-actin
with strong affinity. Conjugated to DyLight™ fluorophores, phalloidin
allows researchers to fluorescently label the cytoskeleton of fixed cells.
These products are not intended for use on live cells due to the toxicity
associated with phalloidin.

Confocal immunofluorescent analysis of SK-NAS cells using Cox IV (4D11-B3-E8) Mouse mAb
#11967 (green). Actin filaments were labeled with
DyLight™ 554 Phalloidin (red). Blue pseudocolor
= DRAQ5® #4084 (fluorescent DNA dye).

Ordering Information
Name

BackDrop® Green Background Suppressor is a novel reagent designed
to effectively suppress green background fluorescence and improve
live cell image quality, eliminating the need for medium removal
and potential cell loss. BackDrop Green is supplied as a ready-to-use
liquid in a convenient dropper bottle and is applied directly to live
cell imaging samples.
Background signal from media components can decrease signal-tonoise ratio and result in reduced assay sensitivity. The degree of background suppression with BackDrop Green varies depending on the
assay, but is often significant. BackDrop Green has been shown to
improve results when used in conjugation with MitoTracker® Green
FM #9074, LysoTracker® Green DND-26 #8783, and ER-Tracker™
Green (BODIPY® FL Glibenclamide) #8787, particularly if phenol
red-free media is not used in place of normal media prior to imaging.

Confocal immunofluorescent analysis of HeLa
cells using Cox IV (4D11-B3-E8) Mouse mAb
#11967 (green). Actin filaments were labeled with
DyLight™ 650 phalloidin (blue pseudocolor).
Red = Propidium Iodide (PI)/RNase Staining
Solution #4087.

Product #

Price

DyLight™ 554 Phalloidin

13054

£295

DyLight™ 350 Phalloidin

12848

£295

Immunofluorescent analysis of HeLa cells using MitoTracker® Green FM #9074 in normal culture
media, with (left) or without (right) the addition of BackDrop® Green Background Suppressor.

DyLight™ 488 Phalloidin

12935

£295

Ordering Information

DyLight™ 594 Phalloidin

12877

£295

Name

DyLight™ 650 Phalloidin

12956

£295

BackDrop® Green

Product #

Price

12388

£51

Free! 2014 Cell Signaling Technology Calendar:
Magnificent Marine Environments
As we commence another year, we would like to take a moment
to thank you for using Cell Signaling Technology (CST) products
in 2013. We know you have a choice of which companies to do
business with and we truly appreciate that you choose to work
with us. We will continue to strive to earn a place on your bench
each and every day.
The CST organization is steadfast in its
commitment to environmental awareness and
the fundamental inter-relationship between
the biosphere and us. CST’s 2014 nature
calendar is dedicated to raising awareness
about magnificent marine environments
and the special life they support.

Request your free calendar using our online Literature Request Form and enter
our Winter draw for the chance to win an iPad®: www.neb.uk.com
For a complete product listing
and UK prices please visit ...
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www.neb.uk.com

Sole source for CST products in the UK

Fluorescent Western Blotting

Determine phosphorylated and total protein levels on the same membrane

K
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/M

80
58
46

30
17

7
+
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–
–

+
–

–
+

–
–

kDa

 Western blot analysis of
extracts from COS cells,
untreated or treated with either
U0126 #9903 (10 µM for 1h)
or TPA #4174 (200 nM for 10
m), using Phospho-p44/42
MAPK (Erk1/2) (Thr202/
Tyr204) (D13.14.4E) XP®
Rabbit mAb #4370 and p44/42
MAPK (Erk1/2) (3A7) Mouse
mAb #9107. Secondary antibodies used were Anti-rabbit
IgG (H+L) (DyLight™ 680
Conjugate) #5366 and Antimouse IgG (H+L) (DyLight™
800 Conjugate) #5257.

175

–
–

Two-color Western blots require primary antibodies from different
species and appropriate secondary antibodies labeled with different
dyes (see below for CST’s range of DyLight® Conjugated Secondary
Antibodies). If the primary antibodies require different primary
antibody incubation buffers, each primary antibody should be tested
individually in both buffers to determine which will be optimal for
the dual-labeling experiment. Some antibody pairs may not work
together due to overlapping epitopes, interference caused by primary
and/or secondary antibodies, or incompatibilities in primary antibody
incubation buffers.

42
4/

Overlay

p4

kDa

P
p hos
(T 44/4 pho
hr 2 20 M
2/ AP
Ty K
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04
)

CST offers a modified immunoblotting protocol for use in fluorescent
Western blotting; omitting Tween-20 during the blocking step is
the only significant change necessary. Full details can be found in

CST’s Fluorescent Western Immunoblotting Protocol (Primary Ab
Incubation In BSA) and the Fluorescent Western Immunoblotting
Protocol (Primary Ab Incubation In Milk) – you can view both
protocols at www.cellsignal.com/support/protocols. Additionally,
CST’s Prestained Protein Marker, Broad Range (Premixed Format)
#7720 is autofluorescent at near-infrared wavelengths.

+
–

–
+

 Western blot analysis of
extracts from Raw264.7 cells,
untreated or LPS-treated (1
µg/ml for 6 h), using iNOS
Antibody (#2977) and Antirabbit IgG (H+L) (DyLight™
800 Conjugate) #5151.

175

iNOS
80

58

46

U0126
TPA

CELL SIGNALING TECHNOLOGY

Detection of Western blots using fluorescent-conjugated secondary
antibodies can allow for more accurate quantification and twocolor multiplexing using primary antibodies from different species.
Phosphorylation and total protein levels may be determined on the same
membrane, and regulation of different targets at different molecular
weights can be examined simultaneously. It is important to remember,
however, that primary antibody affinities vary, and no two individual
antibodies can be directly compared to one another, but must be
standardized. In some instances, fluorescent detection may not be as
sensitive as chemiluminescent detection and therefore may not be
suitable for proteins with low expression levels. Fluorescent Western
detection requires specialized instrumentation, such as a fluorescent
imager.

30

Name

Product #

Size

Price

Anti-mouse IgG (H+L) (DyLight®
680 Conjugate)

5470P

100 ml

£74

5470S

500 ml

£149

Anti-rabbit IgG (H+L) (DyLight®
680 Conjugate)

5366P

100 ml

£74

5366S

500 ml

£149

Anti-mouse IgG (H+L) (DyLight®
800 Conjugate)

5257P

100 ml

£74

5257S

500 ml

£149

Anti-rabbit IgG (H+L) (DyLight®
800 Conjugate)

5151P

100 ml

£74

5151S

500 ml

£149

IC50= 2.8 µM

90
80
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60
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40
30
20
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0.1

0.5 1
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10

50 100

UO126 (µM)
Anti-Rabbit IgG (H+L) DyLight® 800 Conjugate #5151: In-Cell Western™ analysis of
A549 cells exposed to varying concentrations of U0126 (MEK 1/2 Inhibitor) #9903 (3 hr),
followed by TPA #4174 stimulation (30 min). With increasing concentrations of U0126, a
significant decrease (~5 fold) in the signal from Phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) (D13.14.4E) XP® Rabbit mAb #4370 as compared to the TPA-stimulated control
was observed. When using phospho-p44/42 MAPK (Erk1/2) as a measurement, the IC50 of
this compound was 2.8 μM. Data and images were generated on the LI-COR® Biosciences
Odyssey® Infrared Imaging System using #5151 for detection.

Phosphop44/42 MAPK
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Q5®

Due to their low background fluorescence, high sensitivity, photostability
and ease of quantification, DyLight® 680 or 800 near infrared fluorescent
dyes are ideal for fluorescent Western blotting and In-Cell Western™
(ICW) assays using the LI-COR® Biosciences Odyssey® Infrared
Imaging System. Each DyLight conjugated secondary antibody available
from CST is tested in-house by fluorescent Western and ICW analysis.

Normalized Average Integrated Intensity

DyLight® Conjugated Secondary Antibodies
for Fluorescent Western Blotting and In-Cell Western™
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